Lilium longiflorum is endemic to the islands of the Ryukyu Archipelago in Japan and to the eastern seacoasts and satellite islands of the mainland of Taiwan. The species is an important ornamental plant, and is cultivated throughout the world. Lilium longiflorum has long been regarded as a self-incompatible species but the existence of selfing in some natural populations was suggested by isozyme analysis in a previous study. To confirm the occurrence of self-compatible individuals and to clarify the evolutionary shift of floral traits associated with degree of self-compatibility in L. longiflorum by comparative analysis, we used 17 populations of L. longiflorum, and two populations of L. formosanum, the genetically closest species of L. longiflorum, covering the entire species distribution. Artificial self-pollination revealed that not all L. longiflorum individuals are self-incompatible and there is substantial quantitative variation of self-incompatibility among L. longiflorum individuals and populations. Self-compatible dominant populations allopatrically and independently evolved at the periphery of the species distribution area, the northern Ryukyu Archipelago and Taiwan. Increasing degree of selfcompatibility in L. longiflorum correlated with reduced corolla length, corolla width, corolla volume, and anther length for the Ryukyu Archipelago, in contrast to only reduced corolla width and volume for Taiwan. Approach between anther and stigma was not observed in any populations. Our data indicate that in the Ryukyu Archipelago increasing degree of self-compatibility evolved floral traits related to mating system evolution, to selfing, that does not depend on adjacency between anther and stigma position, but not in Taiwan.
Introduction
Self-incompatibility (SI) is a genetic system controlled by S-gene that prevents self-fertilization and consequently promotes outcrossing in flowering plants. The system can be lost secondarily, resulting in transition to self-compatibility (SC) by mutations linked to the Slocus (Broothaerts et al., 2004; de Nettancourt, 2001) , by the presence of pollen heteroallelic for the Sgenotype, which may be the result of polyploidization (Entani et al., 1999) , or by modifier gene(s) unlinked to the S-locus (Tsukamoto et al., 2003) .
Self-incompatibility is often regarded as a qualitative trait because the gene products of the S-locus regulate SI, however, variable expression in the strength of SI among individuals was shown in a quantitative manner (Lloyd, 1968; Mena-Ali and Stephenson, 2007; Reinartz and Les, 1994; Stebbins, 1957; Stephenson et al., 2003) or in response to cultivation (Hodgkin, 1978; Mehlenbacher and Smith, 1991) . The presence of variation in the strength of SI among individuals is called partial SI or pseudo-self-fertility (Good-Avila and and can be caused by genetic, environmental, or genotypic × environmental influences on the expression of SI. In Solanum chaconse, occasional fruit set following self-pollination in some genotypes may be due to the low expression level of S-gene products through the action of a modifier locus (Qin et al., 2001) , 81 and the SI system in Citrus does not act during a certain flower bud developmental stage (Wakana et al., 2004) . Lawson and Williams (1976) also found in Brassica oleracea that self pollen tube number was higher in an older flower than in a younger flower, and genetic lines possessing certain S alleles accepted more self pollen tubes in a style than the others.
Quantitative variation in the strength of SI could influence reproductive success (Good-Avila and and, as such, may influence the direction of mating system evolution. Loss of selfincompatible individuals from a population is often associated with changes to the mating system, particularly selection favoring selfing, and the loss of SI may be accompanied by changes in the floral traits that promote or are associated with increased rates of selfing. For example, an increase in the rate of selfing at species and population level has been associated with lower pollen: ovule ratios (Cruden, 1977; Galloni et al., 2007; Jürgens et al., 2002) , reduced investment in floral attractants (Lyons and Antonovics, 1991; Tang and Huang, 2007; Wyatt, 1984) , reduced heterogamy (Takebayashi et al., 2006) , and close anther-stigma separation (Holtsford and Ellstrand, 1992) . In four Hypochaeris species, self-compatible species have smaller flower heads than self-incompatible species (Ortiz et al., 2006) , and a high frequency of selfcompatible individuals in Leptosiphon jepsonii populations is associated with shorter corolla tubes and smaller corolla lobes (Goodwillie and Ness, 2005) . In these reports, the relationship between the change of the reproductive system (SI and SC) or mating system (selfing and outcrossing) and change of floral traits has been investigated using those traits for the present species and populations as statistically independent points. Such methods, however, are not valid because closely related species or populations will tend to share traits through common descent rather than through independent evolution (Harvey and Pagel, 1991; Harvey and Purvis, 1991) , and failing to control for phylogenetic history can mask existing patterns of association between traits (Harvey, 1996) . To avoid spurious results, comparative analysis by phylogenetically independent contrasts that considers independent evolutionary events has been employed (Purvis and Rambaut, 1995) . Kunin and Shmida (1997) examined the correlation between SI/SC and floral traits with comparative data coupled with phylogenetic data, but they classified SI/SC of the species into simple qualitative categories such as SI or SC in the analysis. The phylogenetic relationship between the degree of SC and floral traits is therefore unknown.
Lilium longiflorum Thunb., regarded as SI (Brierley et al., 1936; McRae, 1998; Stout, 1922) , is a bulbous species of Liliaceae that is endemic to the islands of the Ryukyu Archipelago in Japan and to the eastern seacoasts and satellite islands of the mainland of Taiwan. The species is an important ornamental flower and has been cultivated throughout the world. Although its cultivars have been used as a suitable plant material to study the SI reaction mechanism (Ascher and Peloquin, 1966, 1970; Li et al., 1996; Matsubara, 1973; Suzuki et al., 2001; Tezuka et al., 2007; van Tuyl et al., 1982) , selfcompatible individuals and cultivars had never been discovered. Recently, Hiramatsu et al. (2001a) revealed that genetic variability and divergence in L. longiflorum are very high, and that isozyme loci with a significant excess of homozygous genotypes frequently occur in some natural populations. Self-fertilization by selfcompatible individuals has been suggested as a potential cause of homozygous excesses. A preliminary pollination experiment was also conducted and observed selfcompatible individuals in the field in some populations in the northern Ryukyu Archipelago (M. Hiramatsu, unpublished data) . These led to the possibility that more self-compatible individuals of L. longiflorum can exist in natural distribution areas. Lilium formosanum, a selfcompatible species genetically closely related to L. longiflorum (Nishikawa et al., 1999) , is also native to the mainland of Taiwan (Shii, 1983) . It is possible to distinguish these species by leaf morphology, flowering time, and habitat (Hiramatsu et al., 2001b) . Hiramatsu et al. (2001a) suggested that L. formosanum is a derivative of L. longiflorum populations at the southern edge of the species distribution based on the data from allozyme diversity. Multiple transitions from SI dominance to SC dominance may have occurred in L. longiflorum populations.
In this study, we firstly confirmed the occurrence and geographic distribution of self-compatible individuals and then clarified the evolutionary shift of floral traits associated with the degree of SC in L. longiflorum.
Materials and Methods

Plant materials
Lilium longiflorum and L. formosanum seedlings were established from more than 20 capsules each collected from 19 natural populations covering the entire species distribution (Table 1) , and were grown in a greenhouse without heating in Fukuoka, Japan (33.6°N. 130.4°E).
Seed production
Flower buds were emasculated one day before anthesis. Self-incompatibility in L. longiflorum 'Ace' is weakened in flowers six to nine days after anthesis (Ascher and Peloquin, 1966) . We used only flowers three days after anthesis for pollination to avoid the effect of flower aging on the strength of SI. Self-pollination was performed on one flower per individual, and crosspollination was also performed if an individual had more than two flowers. Table 1 describes the number of individuals in each population used in self-and crosspollination. Capsules were collected about 60 days after pollination and air-dried. Capsules that contained at least one mature seed with a mature embryo and endosperm were regarded as successfully set, and the rate of selfcapsule set in the population was calculated.
As the total mature seed number in L. longiflorum and L. formosanum varies widely, 300-1000 seeds per capsule (Shimizu, 1971) , it is not practical to evaluate the variation of SI among populations by the number of mature seeds. A seed of Lilium sp. is very thin with a winged margin for anemochory, and an unfertilized seed is much lighter than a mature seed with an embryo and endosperm. The weight of total seeds in a capsule is almost equivalent to the weight of total mature seeds in a capsule, and it is a good measure to assess the seed production as an alternative to the total seed number, therefore, the seed production of each individual was determined with the weight of total seeds in a capsule in this study. To judge whether the selfed/crossed seed weight ratio was appropriate to assess the strength of SI, first, "weight of 10 selfed seeds/weight of 10 crossed seeds on the same individuals" was determined for two individuals per population. Then, the strength of SI (S) for each individual was estimated by the following formula: S = total selfed seeds weight (g)/average of total crossed seeds weight (g) in population
The strength of SI in each individual was classified into four grades based on the S value: SI (S = 0), predominant SI (0-0.50), weak SI (0.51-1.00), and SC (≥1). From the results of the strength of SI in each population, we defined populations, in which total individuals showing SC and weak SI as more than 50% of the total were a self-compatible population, and total individuals showing SI and predominant SI as more than 50% of the total were a mixed population. Comparisons between total selfed seed weight and total crossed seed weight for each population were also analyzed with the Wilcoxon test using JMP 5.0.1J software (SAS Institute, USA).
Construction of phylogenetic tree and inference of genetic structure by AFLP Three to five individuals in each population were analyzed (Table 1 ) and one individual of L. brownii var. colchesteri was used as an outgroup. Genomic DNA was isolated from fresh leaves according to Kobayashi et al. (1998) . The AFLP method was performed as described by Vos et al. (1995) , and some modifications were made to this protocol with AFLP primers and DNA polymerase. The genome of Liliaceae, to which L. longiflorum belongs, is much larger (C-value: 35~ pg) than that of a regular plant (C-value: 3.5-14 pg) (Soltis et al., 2003) , and a common protocol for AFLP analysis is not suitable for L. longiflorum because numerous peaks are detected. To reduce the number of peaks and obtain clear fingerprints, we used the extended preselective and selective primers and α-type DNA polymerase with 3'-5' exonuclease activity. The reaction solution (5 μL) consisted of 1 × T4 DNA ligase buffer with ATP, 0.5 M NaCl, 0.5 μL MseI adaptor Pair, 0.5 μL EcoRI adaptor Pair (Applied Biosystems, USA), 0.5 U MseI, 2.5 U EcoRI, 0.25 μg BSA, 25 U T4 DNA ligase, and ~50 ng genomic DNA template. The reaction was performed at 22°C for 16 h followed by 65°C for 20 min using the Program Template Control System (Astec, Japan). Restriction-ligation products were diluted with 95 μL TE 0.1 buffer.
For preselective amplification, primers having additional 3' selective nucleotides (MseI + CAG/EcoRI + A) were used. The preselective amplification solution (10 μL) consisted of 0.125 μM each primer, 0.1 U KOD -Plus-DNA polymerase (Toyobo, Japan), 1 × PCR buffer for KOD -Plus-, 1.1 mM MgSO 4 , 0.2 mM each dNTP, and 1.5 μL restriction-ligation product. Cycle parameters were 94°C for 2 min followed by 25 cycles at 94°C for 15 sec, 56°C for 30 sec, and 68°C for 90 sec, followed by a final extension step at 60°C for 30 min. Preselective amplification products were diluted with 90 μL TE 0.1 buffer.
For selective amplification, four primers having additional 3' selective nucleotides were used ( Table 2) . The selective amplification solution (5 μL) consisted of 0.25 μM each primer, 0.1 U KOD -Plus-DNA polymerase, 1 × PCR buffer for KOD -Plus-, 1.1 mM MgSO 4 , 0.2 mM each dNTP, and 0.75 μL preselective amplification product. Cycle parameters were 94°C for 2 min followed by 10 cycles at 94°C for 15 sec, annealing temperature (65°C in the first cycle, reduced 1°C to 56°C in each cycle) for 30 sec, and 68°C for 90 sec, followed by 20 cycles at 94°C for 15 sec, 56°C for 30 sec, and 68°C for 90 sec, followed by a final extension step at 60°C for 30 min.
One microliter of selective amplification products was mixed with 12 μL deionized formamide (Nacalai Tesque, Japan) and 0.25 μL 500 ROX size standard (Applied Biosystems), heated for 3 min at 95°C and then cooled on ice immediately. Electrophoresis was performed for 30 min at 15 kV on ABI PRISM 310 genetic analyzer (Applied Biosystems). AFLP fragments were analyzed by GeneScan version 3.7 software (Applied Biosystems). The genetic distance among population was calculated based on allele frequencies in accordance with the formula derived by Nei and Li (1979) , and the resulting distance matrix among populations was used to construct a dendrogram by the neighbor-joining method by PHYLIP version 3.65 (Felsenstein, 2005) . The bootstrap percentage of 10000 replicates was also calculated.
To infer the genetic structure of L. longiflorum, Bayesian clustering approach was conducted using the program STRUCTURE version 2.2 (Pritchard et al., 2000; Falush et al., 2007) . The STRUCTURE implements a model-based clustering method using genotype data consisting of unlinked markers, and estimates the most likely cluster number (K) among all individuals. We performed five independent runs using admixture model, assuming that individuals may have mixed ancestry, at 100000 MCMC repetitions and 500000 burnin length at K = 0 to 7. The most likely number of clusters was decided according to Pritchard et al. (2000) and Evanno et al. (2005) .
Comparative analysis between degree of SC and floral traits
Statistical methods that treat species or clade values as statistically independent points are not valid, because the clades share many traits as a consequence of their common ancestry. Such similarity can be corrected to produce phylogenetically independent data. If we would like to compare a number of clades by phylogenetical comparative analysis, rather than entering the traits of the groups directly into the analysis, the differences between pairs of sister groups, or nodes, are used. These differences are termed phylogenetically independent contrasts and the differences can remove the component of the traits resulting from common ancestry (Freckleton, 2000) .
Lilium longiflorum produces a funnel-shaped flower (Fig. 1) , and the floral organ size depends on these lengths rather than width. To investigate the phylogenetic relationship between the degree of SC and six floral traits (corolla length, corolla width, corolla volume, anther length, ovary length, and anther-stigma separation) (Fig. 1) , we conducted comparative analyses by phylogenetically independent contrasts using the CRUNCH procedure of the CAIC version 6.2 software (Purvis and Rambaut, 1995) . Corolla length, corolla width, and ovary length were measured three days after anthesis. The flower shape was assumed to be a circular cone and we calculated corolla volume from corolla length and corolla width of an individual in each population. Anther length was measured on three undehisced anthers of each flower on the day of anthesis. Anther-stigma separation was calculated the difference between pistil length and stamen length. If the strength of SI for an individual was more than one, the value was assumed to be one and we averaged the strength of SI in each population and evaluated the value as the degree of SC. The mean of each character except degree of SC (Table 4 ) was all log-transformed and degree of SC was arcsine-transformed prior to analysis. To conduct comparative analysis, we used the phylogenetic tree and each branch length from our AFLP data in this study. The relationships between variable contrasts were investigated by linear regression through the origin. We conducted comparative analysis for all population data sets to estimate the correlation between the degree of SC and each floral trait. We then re-analyzed the linear regression without Taiwan group data because two of the four contrasts from Taiwan group data seemed to be outliers from those of the Ryukyu Archipelago group.
Results
Variation of SI in L. longiflorum
The rate of selfed-capsule set varied widely from 24.1% (LKM) to 100% (LKR and LLA) ( Table 3) . Populations located in boundary distribution areas showed a high selfed-capsule set, while those located in the middle distribution area showed a low to moderate selfed-capsule set.
Weight of 10 mature seeds in self-pollination was almost equal to that in cross-pollination in any population, and the ratio was 1.0 ± 0.03 on individual average. Total selfed seed weight varied among individuals within a population, and total crossed seed weight from the southern Ryukyu Archipelago and Taiwan was heavier than that from the northern Ryukyu Archipelago (Fig. 2) . Total seed weight per capsule in self-pollination was similar to that in cross-pollination in all self-compatible populations (LKR, LYA, LKI, LAM, LLA, and FTA) except LTO, whereas significantly different in all mixed populations (LOE, LYR, LOK, LKM, LMI, LIK, LIS1, LIS2, LIR, LYO, LPI, and FWU). Frequency variation in four categories of SI and SC among populations is shown in Figure 3 . Selfcompatible populations in which total individuals showing SC and weak SI were more than 50% of the total were observed at the periphery of the distribution area, while mixed populations in which total individuals showing predominant SI and SI were more than 50% of the total were in the middle distribution area. Lilium formosanum, which has been regarded as a selfcompatible species, also showed frequency variation in SI and SC among populations, although both populations (FWU and FTA) showed a very high selfed-capsule setting rate (Fig. 3, Table 3 ).
Genetic structure of L. longiflorum
All primer combinations in AFLP analysis identified extremely high polymorphism ( Table 2 ). The genetic distance was highly correlated with the geographic distance between populations (Mantel test: r = 0.406, P < 0.001), and a neighbor-joining dendrogram established by AFLP fingerprints revealed that selfcompatible populations in the northern Ryukyu Archipelago were arranged in a different clade from the clade in which self-compatible populations in Taiwan were arranged (Fig. 4) .
In Bayesian ancestry analysis, the mean likelihood (L(K)) increased up to K = 3, and two peaks of ΔK value were found for K = 3 and 5 (Fig. 5 ). In K = 3, all replicate runs inferred the three groups: the northern Ryukyu Archipelago group (LKR, LYA, LKI, LAM, LTO, LOE, and LOK), the southern Ryukyu Archipelago group (LYR, LKM, LMI, LIK, LIS2, and LIR), and Taiwan group (LPI, LLA, FWU, and FTA) ( Fig. 6) , although some individuals of Okinoerabujima Island (LOE) and Yoronto Island (LYR) populations were admixtures of the northern and southern Ryukyu Archipelago groups. Yonagunijima Island population (LYO) may be a hybrid population from the southern Ryukyu Archipelago group and Taiwan group, but the population was classified into the southern Ryukyu Archipelago group from the results of ancestry analysis and the neighbor-joining dendrogram in this study. On the other hand, in K = 5, all replicate runs could not definitely divide into five groups but populations were consistently clustered into three groups, similar to that in K = 3 (data not shown).
Correlation between degree of SC and floral traits in L. longiflorum
We conducted comparative analysis by phylogenetically independent contrasts and demonstrated that of six floral traits (corolla length, corolla width, corolla volume, anther length, ovary length, and anther-stigma separation), corolla length and anther length significantly and negatively correlated with the degree of SC for the Ryukyu Archipelago group (Fig. 7A : r = −0.502, P = 0.008; Fig. 7E : r = −0.471, P = 0.021) unlike all included contrasts from Taiwan group in the data set ( Fig. 7A : r = −0.274, P = 0.167; Fig. 7E : r = −0.217, P = 0.155). In contrast, corolla width and corolla volume significantly and negatively correlated with degree of SC whether contrasts from Taiwan group were included in the data set or not ( Fig. 7B : r = −0.479, P = 0.001 for all; r = −0.528, P = 0.006 for the Ryukyu Archipelago group; Fig. 7C : r = −0.556, P < 0.001 for all; r = −0.713, P < 0.001 for the Ryukyu Archipelago group). Ovary length and anther-stigma separation did not significantly correlate with the degree of SC whether contrasts from Taiwan group were included in the data set or not ( Fig. 7D : r = 0.101, P = 0.761 for all; r = −0.002, P = 0.183 for the Ryukyu Archipelago group; Fig. 7F : r = −0.205, P = 0.825 for all; r = −0.187, P = 0.823 for the Ryukyu Archipelago group).
Discussion
Quantitative variation of SI Lilium longiflorum has long been regarded as a selfincompatible species (Brierley et al., 1936; McRae, 1998) . This study, however, revealed that the strength of SI of L. longiflorum varied among individuals and populations.
Pollen tube elongation in the style of selfed selfincompatible cultivars of L. longiflorum is promoted by heat treatment (Ascher and Peloquin, 1970; Campbell and Linskens, 1984; Hiratsuka et al., 1989) and the aging of flowers (Ascher and Peloquin, 1966) . Levin (1996) and Stephenson et al. (2003) proposed that partial SI reactions in L. longiflorum are caused by environmental factors. We observed that the strength of SI varied among individuals, despite pollinating three days after anthesis with flowers grown under nearly the same environmental conditions. Our results thus suggest that the variation of SI strength among L. longiflorum individuals observed in this study has a quantitative genetic basis. In L. longiflorum, no pollen tubes reach the base of the style after self-pollination of self-incompatible commercial cultivars (Ascher and Peloquin, 1966; Hiratsuka et al., 1983) and individuals from natural populations (Sakazono et al., 2009) . For partially self-incompatible individuals, the number of self pollen tubes decreased in the style compared with in self-compatible individuals, resulting in a decreased selfed-seed number (Sakazono et al., 2009) .
Quantitative variation of SI among individuals has often been observed within species (Kokubun et al., 2006; Levin, 1996; Lloyd, 1968; Reinartz and Les, 1994; Stebbins, 1957; Stephenson et al., 2003) , and the geographic distribution of individuals categorized by SI strength was also confirmed (Goodwillie and Ness, 2005; Inoue, 1988; Kokubun et al., 2006; Lipow et al., 1999; Lloyd, 1968; Lyons and Antonovics, 1991; Ortiz et al., 2006; Stone et al., 2006; Tsukamoto et al., 1999) . These previous studies, however, covered only a few populations (but see Kokubun et al., 2006; Lloyd, 1968) and estimated SI/SC as a qualitative trait, but not a quantitative trait. Our pollination experiment on L. longiflorum populations that were selected from the entire species range measured SI strength for each individual, and as a consequence, estimated the degree of SC strictly for each population.
Multiple origins of self-compatible populations
Although the evolution of SC from SI is recognized as a common event of plant evolution (Ferrer and Good-Avila, 2007; Levin, 1996; Stebbins, 1974) , only a few studies have demonstrated the multiple differentiation of self-compatible lines among closely-related taxa; e.g., in Linanthus having both self-incompatible and self-compatible species, self-compatible species were established independently four times (Goodwillie, 1999) . Self-compatible populations of L. longiflorum were observed on opposite sides of the distribution area for the northern Ryukyu Archipelago (LKR, LYA, LKI, LAM, and LTO) and Taiwan (LLA and FTA) ( Fig. 3) . Ancestry analysis of L. longiflorum based on AFLP fingerprinting data could not confirm that the number of clusters (K) of L. longiflorum is three or five. In K = 4, L(K) was significantly different from each replicate, probably because of the difficulty of infering the cluster for the Yonagunijima Island population (LYO) (Fig. 6) . In the neighbor-joining dendrogram, the bootstrap values of the cluster connecting the Taiwan group and the Ryukyu Archipelago group, and the northern Ryukyu Archipelago group and the southern Ryukyu Archipelago group were 100% and 99%, respectively (Fig. 4) . In this study, therefore, we decided that K = 3 was the most likely number of clusters of L. longiflorum. This decision strongly indicates that self-compatible populations of L. longiflorum in the northern Ryukyu Archipelago and Taiwan were established allopatrically and were phylogenetically independent. Self-compatibility populations are often found at the periphery of species distribution (Busch, 2005; Kokubun et al., 2006) . Allozyme diversity of L. longiflorum populations indicated that the divergence of L. longiflorum from an ancestor was initiated 2.62 million years ago (MYA) (Hiramatsu et al., 2001a) . At that time, the Ryukyu Archipelago might have been connected to the continent of Asia (Kimura, 2002) , and then the archipelago was formed through the repeated submersion and formation of a land bridge during the middle to late Pleistocene (0.02-0.2 MYA) (Kimura, 1996) . It could be considered that the founding of new populations strongly favors SC as described by Baker (1955) , and that colonization with only one selfcompatible individual is possible in L. longiflorum because it produces several hundred seeds per flower. Reduced pollinator density (Etcheverry et al., 2008) and both reduced population size and isolation (Mimura and Arrken, 2007) often occurring at the periphery of the distribution area might promote a rapid evolutionary shift to self-fertilization, and eventually to selfing in a colonizing population. Hiramatsu et al. (2001a) stated that L. formosanum is regarded as a recent derivative species from some L. longiflorum populations in the southern Ryukyu Archipelago group. This hypothesis is supported by our phylogenetic tree in which populations of L. longiflorum (LPI and LLA) and L. formosanum (FWU and FTA) in Taiwan are clustered with very high probability (Fig. 4) . The fact that L. formosanum as well as L. longiflorum has a mixed population (FWU), which is dominated by individuals showing SI and predominant SI, indicates that the complete transition from SI to SC did not seem to be essential for speciation from L. longiflorum to L. formosanum.
Phylogenetic relationship between degree of SC and floral traits
We detected two outliers in the Taiwan group on comparative analysis using phylogenetically independent contrasts for the correlations between the degree of SC and corolla length ( Fig. 7A ) and anther length (Fig. 7E) , and the significance of the correlations varied whether contrasts from the Taiwan group were included in the data set. The phylogenetic relationship between the degree of SC and floral traits in the Taiwan may be different from that in the Ryukyu Archipelago, and this suggestion is reinforced by this study showing that selfcompatible populations of L. longiflorum in the northern Ryukyu Archipelago and Taiwan were established allopatrically.
For the Ryukyu Archipelago, both corolla length and width correlated significantly and negatively with the degree of SC, and led to the reduction of corolla volume. The change of these floral traits is often accompanied by mating system evolution from outcrossing to selfing. Increase in the selfing rate is often associated with smaller flowers (Goodwillie and Ness, 2005; Lyons and Antonovics, 1991; Wyatt, 1984) , resulting from the decrease of investing cost in sexual organs. Autonomous selfing in some self-compatible populations in the Ryukyu Archipelago is suggested by a significant excess of homozygous genotypes in the same allozyme loci and relatively high fixation indices of the population (Hiramatsu et al., 2001a) and, in fact, a high selfing rate and lack of outcrossing were observed in the field in self-compatible populations on Yakushima Island and Kikaijima Island in the Ryukyu Archipelago (M. Hiramatsu, unpublished data). Our results indicate that an increasing degree of SC in L. longiflorum in the Ryukyu Archipelago directs the evolutionary pattern of floral trait size relating to shift to selfing.
However, interestingly, increasing the degree of SC did not direct the approach between anther and stigma, reducing anther-stigma separation. The floral morphology can increase self-pollination success (Holtsford and Ellstrand, 1992) , while a positive correlation between anther-stigma separation and the outcrossing rate has been observed (Karron et al., 1996) . Other flower mechanical changes may have developed in L. longiflorum in the Ryukyu Archipelago. We have a hypothesis regarding the self-pollination mechanism in L. longiflorum: A flower of L. longiflorum looks like a trumpet. The perianth segments, three inner perianth and three outer perianth, are connivent for two-thirds of their length and form a cylindric tube (Wilson, 1925) . Stigma surface with self pollen grains was often observed on the plant after aged perianths with stamens, forming a shrivelled cylindric tube, slipped from the receptacle. To verify the hypothesis, it is necessary to clarify the senescence mechanism of L. longiflorum flower and the longevity of the reproductive organs, pollen and ovule.
In Taiwan, in contrast to the Ryukyu Archipelago, only reduced corolla width and corolla volume correlated with the increasing degree of SC, and corolla volume reduction seems to occur due to shortening corolla width. In Taiwan, all floral traits except corolla width and volume tended to be bigger than those from the Ryukyu Archipelago (Table 4 ). Pollinator visitation is essential to maintain an outcrossing population in insectpollinated species, and outcrossing plants can invest many resources to sexual organs to attract pollinators and succeed in sexual reproduction. It is unlikely that mixed mating or outcrossing can be changed to obligatory selfing, and increasing the degree of SC might not trigger mating system evolution in Taiwan.
